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Background: Polyglutamine (polyQ) disorders are caused by expanded CAG (Glutamine) repeats in
neurons in the brain. The expanded repeats are also expressed in the non-neuronal cells, however, their
contribution to disease pathogenesis is not very well studied. In the present study, we have expressed a
stretch of 127 Glutamine repeats in Malpighian tubules (MTs) of Drosophila melanogaster as these tissues
do not undergo ecdysone induced histolysis during larval to pupal transition at metamorphosis.
Results: Progressive degeneration, which is the hallmark of neurodegeneration is also observed in MTs.
The mutant protein forms inclusion bodies in the nucleus resulting in expansion of the nucleus and affect
chromatin organization which appear loose and open, eventually resulting in DNA fragmentation and
blebbing. A virtual absence of tubule lumen was observed followed by functional abnormalities. As de-
velopment progressed, severe abnormalities affecting pupal epithelial morphogenesis processes were
observed resulting in complete lethality. Distribution of heterogeneous RNA binding protein (hnRNP),
HRB87F, Wnt/wingless and JNK signaling and expression of Relish was also found to be affected. Ex-
pression of resistance genes following polyQ expression was up regulated.
Conclusion: The present study gives an insight into the effects of polyQ aggregates in non-neuronal
tissues.
& 2015 Published by Elsevier Inc.1. Introduction
Neurodegeneration is a characteristic feature of many diseases
such as Parkinson's, Alzheimer's, Huntington's and Amyotrophic
Lateral Sclerosis to name a few and involves progressive break-
down of nervous system. Though the brain atrophy is the main
hallmark of neurodegenerative diseases, emerging reports suggest
that the protein aggregates also affect other cell types in the
central nervous system such as astrocytes, oligodendrocytes and
microglia which mediate neural cell survival and neural re-
generation (Bradford et al., 2010). A common assumption is that
despite the expression of mutant proteins in tissues other than
neurons, degeneration is observed only in speciﬁc neurons and as
a result most of the studies have largely excluded the investigation
of the pathological mechanisms in peripheral organs. Huntington's
disease (HD) is caused by the expansion of CAG repeats in the
coding region resulting in abnormally long polyglutamine (polyQ)
tracts in the protein resulting in the formation of inclusion bodies
in the neurons. There are some reports which suggest that the
peripheral inclusion bodies cause pathogenesis such as weight loss(Sanberg et al., 1981; Mofﬁtt et al., 2009), altered glucose home-
ostasis (Podolsky et al., 1972), sub-cellular abnormalities in ﬁbro-
blasts (Menkes and Stein, 1973), lymphocytes (McGovern and
Webb, 1982) and motor impairment with reduced muscular
strength (Busse et al., 2008) in Huntington's Disease patients. The
patients also show cardiac dysfunction making heart disease as the
second leading cause of death in patients with HD (Chiu and
Alexander, 1982). Mouse models of polyQ diseases, such as R6/2,
expresses 144 CAG repeats and exhibits the most severe and rapid
onset of motor and cognitive phenotypes comprising of spatial
(hippocampal-dependent) and non-spatial (striatal-dependent)
learning and memory in a manner similar to those observed in HD
patients (Carter et al., 1999). The systolic and diastolic cardiac
performance gets signiﬁcantly reduced in R6/2 model by 12 weeks
of age (Mihm et al., 2007) and they show skeletal muscle atrophy
throughout life span (Sathasivam et al., 1999). In mouse model of
Alzheimer's disease, hyperphosphorylated tau is shown to be
present in astrocytes and oligodendrocytes (Lin et al., 2003). Si-
milarly, in Parkinson's Disease, α-synuclein aggregates are found
in glial cells (Marques and Outeiro, 2012), suggesting that the
disease protein and its pathogenesis are not speciﬁc to neuronal
cells. The exact contribution of these non-neuronal cells to the
disease is still unclear as it has been shown that the wild-type glial
cells actually protect the neurons against mutant htt mediated
S. Yadav, M.G. Tapadia / Developmental Biology 409 (2016) 166–180 167neurotoxicity, but if the glial cells also express mutant htt then it
makes the neurons more vulnerable to degeneration, indicating
that proper functioning of glial cells is also a critical factor in polyQ
diseases (Shin et al., 2005). PolyQ proteins also express in per-
ipheral tissues such as heart, kidney, skeletal muscles and pan-
creas, with deleterious consequences at both cellular and organ
levels (La Spada et al., 1991) but their effect on different signaling
events is not looked into. As some studies have shown the pre-
sence of aggregates in kidneys in mouse models and in patient
samples; we checked the effect of polyQ aggregates in Malpighian
tubules (MTs) as they are the excretory organs in Drosophila mel-
anogaster and are functional analog of vertebrate renal tubules.
MTs are simple epithelial structures which ﬂoat in hemocoel,
comprise of 2 pairs of tubules and are divided into different re-
gions. There are two main cell types, viz., Type I or the principal
cells (PCs) and Type II or the stellate cells (SCs). Stellate cells are
mesodermal in origin and have small nuclei as they undergo fewer
cycles of endoreplication, where as principal cells are ectodermal
and have large nuclei compared to SCs because of polytenization
(Maddrell and O’Donnell, 1992; O′Donnell and Maddrell, 1995;
Dow et al., 1994b; O′Donnell et al., 1998). Intriguingly MTs are one
of the organs which do not undergo developmental apoptosis
during metamorphosis and the larval MTs are carried over to the
adults, it was of much interest to see the effect of polyQ expression
in a non-apoptotic organ, since neurons are known to undergo
polyQ mediated apoptosis. Having single epithelial layer and larger
cell size also makes it easier to study several important features of
polyQ aggregates such as inclusion shape, size, sequesteration
with other proteins etc.
We found that expression of polyQ aggregates in MTs results in
complete lethality. The cells of the tubules show abnormal chro-
matin morphology, apoptotic nuclei and reduction in tubular lu-
men. Though the aggregates express in the MTs, morphological
abnormalities in distantly located epithelial structures are also
observed. Expression of polyQ aggregates in MTs suppressed the
normal expression of p-JNK and β-catenin, affecting JNK and Wnt/
Wingless signaling respectively. Localization and expression of
Relish and Cadherin was also altered and alteration in mdr gene
expression was also observed. The present study suggests that
expression of polyQ aggregates in Malpighian tubules leads to
degeneration of MTs and also causes various developmental ab-
normalities in the organism.2. Materials and methods
2.1. Fly strains and culture conditions
Flies were reared in a humidiﬁed, temperature-controlled in-
cubator at 24.5 °C. All larvae were reared on standard laboratory
ﬂy medium (10% yeast, 2% agar, 10% sucrose, 10% autolysed yeast,
3% Nipagin, 0.3% propionic acid). For colchicine food, colchicine
(Sigma-Aldrich, Catalog no. C9754) was dissolved in triple distilled
water and added to the molten media at 60 °C making a ﬁnal
concentration of 10 μM and 20 μM. Similarly, verapamil (Sigma-
Aldrich, Catalog no. V-106) was dissolved in ethanol and added to
the molten media to a ﬁnal concentration of 20 μM. 1st instar
larvae were kept in plates containing only food or foodþdrug and
were transferred at pupal stage to vials containing similar food
composition. Similar numbers of 1st instar larvae were transferred
on normal food plates to avoid crowding. For Survival assay, data
was taken in triplicate and mean percentage of survival was cal-
culated (the total number of ﬂies was in the range of 700–1000 for
each mutant). The ﬂy stocks for the studies were obtained from
Bloomington Stock Center, except where mentioned. Oregon Rþ
was used as wild type control. GAL4 drivers used were GAL4c42,GAL4c649 and UOGAL4 to drive the expression of UAS127Q con-
struct in Malpighian tubules.
The stocks used were
1. w1118; UAS-127Q (Kazemi-Esfarjani and Benzer, 2002) A trans-
genic line in which 127 CAG trinucleotide repeat unit, ﬂanked
by a HA tag is placed in cis to the UAS promoter. A kind gift from
Prof. Kazemi-Esfarjani.
2. GAL4c42 (Sozen et al., 1997) A transgenic GAL4 line generated by
P{GAL4} mutagenesis, located at chromosome 2, expresses
preferentially in principal cells of Malpighian tubules from
embryonic stage. It also expresses in some other tissues (Ta-
padia and Gautam, 2011). A kind gift from Prof. J A T Dow.
3. GAL4c649 (Sozen et al., 1997) A transgenic GAL4 line generated
by P{GAL4} mutagenesis, located at chromosome 3R, expresses
preferentially in bar shaped Stellate cells of Malpighian tubules
from embryonic stage. It also expresses in some other tissues
(Tapadia and Gautam, 2011). A kind gift from Prof. J A T Dow.
4. UOGAL4 (Terhzaz et al., 2010) Principal cell-speciﬁc Urate
Oxidase GAL4 line, expresses in the main segment of third
instar larval and adult tubules only. A kind gift from Prof. J A T
Dow.
Appropriate crosses were set to get the progenies with fol-
lowing genotypes GAL4c424UAS-127Q, GAL4c6494UAS127Q,
UOGAL44UAS-127Q.
2.2. Survival assay
For survival assay, synchronized freshly hatched 1st instar lar-
vae were collected and were gently transferred to food plates and
reared at 2471 °C. Total number of larvae that pupated and
subsequently emerged as ﬂies were counted in each case. At least
10 replicates of 40 larvae each were examined in each case.
2.3. Antibodies and immunocytochemistry
Malpighian tubules from 3rd instar (118–120 h) larvae were
dissected in 1X PBS, ﬁxed in 4% paraformaldehyde for 20 min at
room temperature, rinsed in 0.1% PBST (1X PBS, 0.1% Triton X-100),
blocked in blocking solution (0.1% Triton X-100, 0.1% BSA, 10% FCS,
0.1% deoxycholate, 0.02% thiomersol) for 2 h at room temperature.
Tissues were incubated in primary antibody at 4 °C overnight.
After three 0.1% PBST (20 min each) washings, tissues were
blocked for 2 h and incubated in the secondary antibody. Tissues
were rinsed in 0.1% PBST and counterstained with DAPI (1 mg/ml,
Molecular Probe) for 15 min at room temperature. Washing was
done again in 0.1% PBST and mounted in antifadant, DABCO (Sig-
ma). Stains used were rhodamine-123 (1 mg/ml) and DAPI (1 mg/
ml). Primary antibodies used were anti-HA (1:40, Sigma), anti-
pJNK (1:80, Promega), anti-Armadillo (1:100, DSHB), anti-Relish
(1:20, DSHB), anti DE-cadherin (1:20, DSHB), anti-P11 (1:20, kind
gift from Prof. Harald Saumweber, Max-Planck-Institut ﬁir Vir-
usforschun, Germany). All preparations were analyzed under Zeiss
LSM 510 Meta Confocal microscope and images were arranged and
labeled using Adobe Photoshop7.
2.4. Reverse transcription-PCR (RT-PCR)
40 Malpighian tubules from 116 to 118 h larvae and 96 h APF
pupae of different genotypes were dissected out and poly (A) RNA
was extracted (Trizol method), followed by reverse transcription
with Super-script Plus (Invitrogen, USA). RT-PCR was performed by
taking 1 mg concentration of c-DNA. PCR cycle conditions were as
follows: 94 °C (3 min), 30 cycles of {94 °C for 30 s, primer an-
nealing was done at 56 °C for mdr65, 60 °C for mdr50 and 54 °C for
Fig. 1. (I) PolyQ expression in MTs affects development of ﬂies. 100% lethality is observed on expression of polyQ in the MTs in GAL4c424UAS127Q progenies which is
signiﬁcantly less compared to wild type Oregon Rþ and undriven UAS127Q. The data was compared between the groups A and C and B and C. Total 1400 ﬂies were observed
in each genotype, statistical analysis was done using t test and the difference between each group was found to be signiﬁcant at p Valueo0.001. (II) Epithelial morphological
defects are seen after expression of polyQ. In Oregon Rþ , development proceeds normally with the formation of white puparium at 0–1 h APF, (A) brown puparium with
normal trachea was formed at 4–5 h APF (B). At 24–25 h APF, Malpighian tubules migrated; legs and wings extended (C) and at 48–49 h APF, eyes became bright yellow (D).
At 72–73 h APF, eyes became bright red, orbital and ocellar bristles were darken (E). At stage 14, eclosion was completed (F). However, in GAL4c424UAS127Q, at 0–1 h APF,
the puparium was unevenly tanned and dark bands (arrow) appeared on the pupal case (G) and at 4–5 h APF, defective morphology of trachea was observed (arrow) (H). At
24–25 h APF, pupae appeared to be shrunken inside the pupal case (I) and desiccation continued at 48–49 h APF (J). At 72–73 h APF, pigmentation in ommatidia became
apparent (arrow) (K). At stage 14, cryptptocephaly and dorsal closure defects were observed (L). Enlarged image of rudimentary or absent thorax with cryptptocephaly
(M) and dorsal closure defect (N) in the mutants.
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Gel images were analyzed in Gelvue UV Transluminator Gel
Documentation and analysis system, Syngene. For all RT-PCR
analysis, band intensities were measured by two methods, Alpha
imager software and Histogram tool of Adobe photoshop 7.0. Each
experiment was done 4 times.
2.5. RT-PCR results analysis
Band intensities were measured by two methods separately
and then the results obtained from both the methods were
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band intensities is consistent, no matter which software is used.
The graphs were plotted by using the data of Alpha imager
software.
2.6. RT-PCR band ratio calculation for graphs
The mean ratio of band intensity of the gene of interest to the
corresponding G3PDH value was calculated for both experimental
and control. Then this mean ratio was compared between ex-
perimental and control and the graph was plotted.
2.7. Analysis of Malpighian tubules function
2.7.1. Uric acid deposition
The diameter of the MTs lumen was calculated using proﬁle
tool with Zeiss LSM 510 Meta Confocal microscope software. The
functional analysis of MTs was done by detecting the deposition of
uric acid crystals under polarized microscope. The uric acid crys-
tals show birefringence, which is an optical property of any ma-
terial with a refractive index due to which they appear bright
under plane polarized light propagated from a particular direction.
2.7.2. Rhodamine-123 efﬂux assay
This assay was performed on Malpighian tubules from 116 to
118 h larvae and 96 h APF pupae of different genotypes. The MTs
were dissected out in 1X PBS at room temperature and incubated
in Rhodamine-123 (1 mg/ml) for 15 min at 37 °C followed by im-
mediate chilling. The tissues were then incubated in 1X PBS at
37 °C so as to allow the efﬂux of the dye for 15 min. The MTs were
then mounted in 1X PBS and scanned.3. Results
3.1.1. Expression of polyQ aggregates results in developmental de-
fects and late pupal lethality
In order to determine the effect of polyQ aggregates in MTs, we
expressed expanded polyQ repeats in MTs using the UAS-GAL4
system (Phelps and Brand, 1998). We crossed UAS127Q, a trans-
genic line with 127 CAG repeats, to GAL4c42 which expresses
predominantly in the MTs and observed the effects.
GAL4c424UAS127Q progenies survived till pupal stage, however
none of the ﬂies eclosed and we observed 100% lethality at the
pupal stage as compared to wild type and undriven UAS127Q/
UAS127Q, where more than the 99% ﬂies eclosed (Fig. 1I). We also
expressed UAS127Q with another MTs speciﬁc driver UOGAL4,
which expresses from late 3rd instar larval stage, to see if survival
was affected, but we did not observe any lethality in
UOGAL44UAS127Q progenies (Data not shown) suggesting that
expression of polyQ repeats in MTs could be deleterious when
expressed from early developmental stages rather than expression
from late stage. Henceforth all the experiments were conducted
using GAL4c424UAS127Q progenies. It was observed that these
progeny appeared to be normal and were morphologically and
behavior wise similar to wild type till 3rd instar larval stage and
till puparium formation. At the transition from wandering to pu-
pariation, the larvae exhibited normal behavior like they stopped
crawling, everted their anterior spiracles, shortened their body and
stuck to the wall of culture bottles, however defects started ap-
pearing post-larval ecdysis and at 0–1 h After Puparium Formation
(APF) developmental defects in pupae became apparent. Though
the larval size was same as wild type, the pupae were smaller in
size and the pupal case was unevenly tanned, suggesting that
pigmentation was affected (Fig. 1IIG). Defects also appeared in thearrangement and morphology of trachea by 4–5 h APF (Fig. 1IIH)
and by 24–72 h APF, the pupae started showing signs of desicca-
tion and shrinkage inside the pupal case (Fig. 1ІIIJ and K); however
these desiccated pupae were still not dead as pigmentation of
ommatidia continued (Fig. 1IIK). They had defects in epithelial
morphogenesis such as dorsal closure (Fig. 1IIL and N) and head
eversion, resulting in micro- or cryptptocephaly (Fig. 1IIL and M).
The thorax was rudimentary or absent (Fig. 1IIJ–L) which usually
occurs due to defects during eversion of head from the thorax at
12 h APF. The number of abdominal segments was 5–6 compared
to 7 segments in wild type. These can be compared with the
normal development of wild type pupae of the corresponding ages
(Fig. 1IIA–F). These ﬁndings suggest that expression of mutant
polyQ aggregates in MTs, resulted in several developmental
anomalies and lethality. Since GAL4c42 also expresses in some
other tissues, to rule out the possibility of the effect due to ex-
pression in other places, we checked with GAL4c649, another MTs
stellate cell speciﬁc GAL4 driver which expresses from early em-
bryonic stages. Similar to GAL4c42, 100% lethality was observed in
GAL4c6494UAS127Q at pupal stage, however 2.65% pupae
(n¼1770) survived upto mature pupal stage 14, but were unable to
open the pupal case and died. These ﬂies had altered positions of
halteres, appendage extension was affected resulting in abnor-
mally larger legs and rudimentary wings which appeared to be
adhered to the abdomen, also excessive cuticle pigmentation was
observed (Supplementary Fig. 1G and H). With assisted eclosion,
they survived up to 2–3 h and then died.
3.2.2. Expression of polyQ aggregates results in morphological and
physiological defects in Malpighian tubules
Since expression of polyQ aggregates resulted in gross devel-
opmental defects, we examined the MTs for anomalies. The MTs of
GAL4c424UAS127Q appeared normal and similar to wild type up
to 3rd instar larval stage; however, as the development pro-
gressed, defects started appearing. White concretions which are
present only in the initial segment of anterior tubules at 96 h APF
of wild type was present all along the length of the anterior tu-
bules in GAL4c424UAS127Q 96 h APF. Also the distinction be-
tween different segments was lost (Images not shown). The lumen
of the main segment in GAL4c424UAS127Q also appeared to be
reduced in size compared to the wild type; however the reduction
was quite variable. We classiﬁed the lumen of the main segment
into 3 categories based on their diameter; wide or normal
(Fig. 2A), narrow (Fig. 2B) and absent or no lumen (Fig. 2C). We
counted the number of MTs having lumen in each category in wild
type and mutants and found that in wild type, while most of the
MTs had wide lumen and a very small percentage were with
narrow or no lumen, in GAL4c424UAS127Q progenies, maximum
MTs were in no lumen category followed by narrow and wide
lumens (Fig. 2D and E). These differences were statistically
signiﬁcant.
Since MTs are important for excretion and osmoregulation, we
did Rhodamine 123 efﬂux assay to check the effect on physiolo-
gical functions in larvae and pupae. Wild type MTs with functional
excretory system normally efﬂux this ﬂorescent dye out within
15 min; however if the MTs are not functional enough, the dye
accumulates in the lumen. As expected, dye did not accumulate in
wild type, at both larval and pupal stages (Fig. 3A and B). However
MTs of GAL4c424UAS127Q progeny failed to efﬂux the dye, which
accumulated at a very high levels in both 3rd instar larvae as well
as in 96 h APF (Fig. 3D and E), suggesting that the mutants lacked
functional MTs. The functional competence of tubules was also
checked by observing the deposits of uric acid crystals under po-
larized light. The wild type MTs showed the accumulation of ni-
trogenous waste in the form of uric acid crystals suggesting
Fig. 2. Morphological defects in Malpighian tubules after polyQ expression. The size of the lumen decreased after expression of polyQ in MTs and depending on the diameter
of the lumen they were divided into wide/normal (A), narrow (B) and absent/no lumen (C). Total 150 MTs were analyzed in wild type and GALc424UAS127Q and number of
MTs in each category was counted in (D) and plotted in a graph (E). Statistical analysis was done using t test, pr0.001 (*). Scale bar¼10 mm.
Fig. 3. Expression of polyQ aggregates results in physiological defects in Malpighian tubules. Rhodamine 123 efﬂux assay shows that the dye is efﬁciently expelled from the
wild type MTs in 3rd instar larval (A) as well as 96 h APF stages (B). However the dye accumulated in GAL4c424UAS127Q 3rd instar larvae (D) and 96 h APF stage (E).
Deposition of uric acid crystals in polarized light was found to be normal in the wild type 3rd instar larvae (C) whereas in GAL4c424UAS127Q 3rd instar larvae it was not
observed (F). Scale bar¼50 mm.
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Fig. 4. The polyQ aggregates in MTs at different developmental stages. Wild type 3rd instar larval MTs do not express polyQ aggregates in any of the cell type (A). Nuclear
aggregates were observed in principal cells of MTs of GAL4c424UAS127Q (B). At 24 h APF the number and size of the aggregates increased (C) and at 72 and 96 h APF, there
was further increase in size (D and E). At later stages these aggregates were also visible in the stellate cell nuclei (arrow) (D and E). The chromatin was stained with DAPI (F–J)
and the enlarged merged images in the inset indicate the nuclear localization of the polyQ aggregates along with the DAPI stained chromatin (K–P). Scale bar¼10 mm.
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tals were absent in the mutants indicating physiological defects
(Fig. 3F).
3.3.3. The polyQ aggregates show nuclear localization and affect
chromatin organization at different developmental stages
After having observed that expression of expanded polyQ re-
peats causes morphological and functional anomalies in MTs as
well as in the whole body, we next checked if these repeats caused
the formation of aggregates and if yes, then their distribution in
different cell types. In wild type, as expected, polyQ aggregates
were not observed in either PCs or SCs (Fig. 4A), however in
GAL4c424UAS127Q, polyQ aggregates were present in the prin-
cipal cells (Fig. 4B). As the disease progressed, the polyQ ag-
gregates in principal cell nuclei became larger with consequent
decrease in the total number of aggregates (Fig. 4C–E). The mag-
niﬁed images (Fig. 4L–O, inset) clearly show that mutant protein
forms nuclear aggregates. It was also surprising to observe that in
3.4% of SCs also the aggregates were present (Fig. 4D and E)
though we had used PCs speciﬁc GAL4. With the progression in
development, the number of SCs expressing aggregates also in-
creased to 11.7%, suggesting that these are not artifacts. The loca-
lization of these aggregates in the nucleus was conﬁrmed by DAPI
staining (Fig. 4F–J), and the merged images (Fig. 4K–O) conﬁrmed
their presence in the nucleus. The two cell types can be easily
identiﬁed by the nuclear size as PCs have bigger nuclei due to high
level of polyteny compared to SCs that have smaller nuclei asshown in the DAPI panel (Fig. 4F–J).
It was also observed that in polyQ expressing larval cells, the
size of the nucleus increased and the chromatin appeared more
decondensed (Fig. 5B) as compared to wild type (Fig. 5A). At 96 h
APF, the wild type nuclei (Fig. 5C) appeared much smaller com-
pared to polyQ expressing cells which appeared loose (Fig. 5D).
The chromatin also appeared fragmented and disorganized
(Fig. 5E) or they were of very small size, vacuous (Fig. 5F). The
Differential Interference Contrast (DIC) images (Fig. 5G–L) and the
merged (Fig. 5M–R) show the area of the nucleus. On the basis of
their physical appearance, chromatin was divided into four distinct
groups, Normal, Loose, Fragmented and Vacuous and the number
of nuclei in each category was counted in wild type and
GAL4c424UAS127Q (Fig. 5S). It was observed that 100% wild type
MTs had normal chromatin whereas 65.6671.7% nuclei expres-
sing polyQ aggregates had loose and scattered chromatin,
21.3370.88% nuclei had fragmented chromatin and 1371% had
diminished/vacuous nuclei (Fig. 5S). We also measured the mean
chromosomal area of principal cells nuclei of MTs in wild type and
GAL4c424UAS127Q and observed that in 3rd instar larval wild
type, the mean area was 178.271.2 mm2 whereas in mutant it was
203.472.9 mm2, and similarly at 96 h APF, the mean nuclear area
of wild type was 155.6970.84 mm2 whereas in mutants it was
230.6272.3 mm2 (Fig. 5T). The increase in nuclear area in the
mutant was signiﬁcantly more at both the developmental stages.
These results suggested that expression of polyQ aggregates af-
fected the chromatin organization and they also indicated, that
though the larvae appeared normal and phenotypic abnormalities
Fig. 5. The polyQ aggregates affect chromatin organization. DAPI staining showed expanded chromatin organization in PCs of GAL4c424UAS127Q 3rd instar larvae
(B) compared to wild type (A). The DIC image of wild type (G) and GAL4c424UAS127Q (H) suggested that the nuclear morphology in the mutant was not the same as wild
type and enlarged in size. At 96 h APF, wild type nuclei had normal chromatin structure (DAPI) and nuclear morphology (DIC) (C, I). However, the 96 h APF
GAL4c424UAS127Q nuclei showed three different types of anomalies. The nuclei were either very loose (D), or fragmented into small blebs (E), or very diminished with very
low chromatin staining (F). The DIC images show disruption of nuclear morphology in all the three cases (J–L). The merged images of DAPI and DIC are shown in M–R. Total
125 nuclei were observed in each genotype, the nuclei were categorized and plotted in a graph (S) which shows that in wild type 100% nuclei had normal chromatin
compared to mutant. Mean area of the nuclei were plotted in the graph (T) which shows increase in size in 3rd instar larvae and 96 h APF in GAL4c424UAS127Q compared to
wild type. Statistical analysis for different nuclear anomalies (S) was done using t test, pr0.001, signiﬁcance is represented by *. Similarly, the statistical analysis for mean
nuclear area (T) was done by using Mann–Whitney U Statistic test, pr0.021, * represents the signiﬁcant difference. Scale bar¼2 mm.
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levels from larval stages itself.
3.4.4. Inclusion bodies cause aberrant sequestration of hnRNP,
HRB87F
After observing that inclusion bodies disrupted chromatin or-
ganization, we looked if it also altered gene expression, as polyQ
diseases are also known as transcriptionopathies (Sugars and Ru-
binsztein, 2003). PolyQ aggregates globally affect the transcription
of a number of genes by interacting with hnRNPs (Haynes et al.,1991). So, we checked the expression of hnRNP HRB87F, a homo-
log of mammalian A/B-type hnRNP proteins (Zu et al., 1996) in
GAL4c424UAS127Q and observed their association with polyQ
aggregates. In the wild type 3rd instar larvae, this protein was
present in the speckled form all over the nucleus (Fig. 6A). How-
ever, in GAL4c424UAS127Q larvae, the diffused speckled ar-
rangement was lost and they appeared to be sequestered at one
particular location (Fig. 6B). At 96 h APF, it was also observed that
HRB87F expression was reduced in wild type when compared to
3rd instar larvae (Fig. 6C), however in GAL4c424UAS127Q, it was
signiﬁcantly reduced in comparison to wild type (Fig. 6D). PolyQ
Fig. 6. PolyQ aggregates affect distribution of hnRNP, HRB87F. Diffused speckles of HRB87F were observed in principal cell nucleus of wild type 3rd instar larvae (A) and
absence of polyQ aggregates (E). Expression of polyQ aggregates in GAL4c424UAS127Q (F) caused sequestration of HRB87F at one particular location in 3rd instar larvae (B).
In wild type 96 h APF no polyQ aggregates were seen (G) and the HRB87F expression was less than 3rd instar larval stage (C). However in GAL4c424UAS127Q progenies, at
96 h APF HRB87F expression was severely reduced (D) and polyQ aggregates become larger (H). The nuclei were stained with DAPI (I–L) and the merged images (M–P)
showed absence of colocalization of polyQ aggregates and HRB87F. Scale bar¼5 mm.
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(Fig. 6F) and pupae (Fig. 6H) but not in wild type (Fig. 6E and G).
We did not observe colocalization of polyQ with HRB87F (Fig. 6N
and P), suggesting that the sequesteration of hnRNPs is not di-
rectly mediated by the polyQ aggregates. The present results have
show that inclusion bodies in protein misfolding diseases tend to
sequester the RNA binding proteins within the nucleus leading to
loss of their normal distribution and function.
3.5.5. Alteration in Wnt signaling on expression of polyQ aggregates
in MTs
Having observed that polyQ expression led to various epithelial
morphological defects, we checked the status of Wnt signaling,
which is important for speciﬁcation of cell fate and patterning
decisions in central nervous system, larval muscle, Malpighian
tubules, appendages development and dorsal closure (Swarup andVerheyen, 2012; Jung et al., 2005; Morel and Arias, 2004). Wnt
signaling dysfunction has also been associated with several human
neural disorders such as schizophrenia, autism, mood disorders,
epilepsy, and Alzheimer's disease (Inestrosa and Arenas, 2010;
Godin et al., 2010). β-catenin is the downstream target of Wnt/
Wingless signaling and which serves both, as cell junction mole-
cule and as transcription factor. It is restricted in the cytoplasm in
its inactive form and translocates to nucleus after activation. We
looked at the expression of Armadillo, the β-catenin homolog in
Drosophila, and found that expression of polyQ aggregates in MTs
altered Armadillo expression. In wild-type 3rd instar larval MTs,
Armadillo was mostly present at inter cellular junction, marking
the cell–cell boundary and very little expression was observed in
the cytoplasm of larva (Fig. 7A) and late pupal stages (Fig. 7B–D).
However in GAL4c424UAS-127Q, the expression of Armadillo was
greatly enhanced and its precise pattern at the cell junctions was
disrupted, suggesting change in cellular morphology following
Fig. 7. Alteration in Wnt signaling on expression of polyQ aggregates in MTs. Optical sections of wild type MTs showing the expression of Armadillo at cell–cell junction
during different developmental stages such as 3rd instar larvae and 48, 72 and 96 h APF (A–D). In GAL4c424UAS127Q, at similar stages of development, the expression of
Armadillo at membrane and cytoplasm was greatly enhanced (E–H). Scale bar¼10 mm.
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dillo expression was observed on the membranes as well as in the
cytoplasm as compared with wild type in 3rd instar larvae and at
different pupal stages (Fig. 7E–H). Next, we checked the levels of
Cadherin, they play important role in maintaining cell and tissue
structure and interacts with Armadillo through its cytoplasmic
domain (Von Schlippe et al., 2000). In wild type control, it was
found that Cadherin was present at the cell–cell junction during all
the developmental stages, i.e. in 3rd instar larvae, 48, 72 and 96 h
APF (Fig. 8A–D) and also some expression was observed in the
cytoplasm. However, following polyQ expression in
GAL4c424UAS127Q, Cadherin expression enhanced at the mem-
branes and cytoplasm. The characteristic organization of cadherins
was also lost (Fig. 8E–H), suggesting that polyQ aggregates affected
their assembly. Overall these results suggest that disruption ofFig. 8. Expression of polyQ aggregates alters the Cadherin expression at cell–cell junct
developmental stages such as 3rd instar larvae and 48, 72 and 96 h APF (A–D). The expre
disrupted its arrangement at different developmental stages (E–H). Scale bar¼10 mm.Armadillo and Cadherins could be one of the reasons for mor-
phological defects observed in Malpighian tubules.
3.6.6. Expression of polyQ aggregates in MTs alters expression of
phospho-JNK and Relish
In humans, JNKs belong to the superfamily of MAP-kinases and
their activation by phosphorylation leads to cell proliferation, dif-
ferentiation, and apoptosis (Dhanasekaran and Reddy, 2008). In
Drosophila, active p-JNK assures normal functioning of major epi-
thelial processes such as dorsal, thorax closure and MTs develop-
ment (Zeitlinger and Bohmann, 1999; Noselli, 1998). Since expres-
sion of polyQ aggregates resulted in characteristic features of epi-
thelial defects, we explored the status of JNK. First, we checked the
expression of p-JNK in different developmental stages in wild typeion. Cadherin is localized at cellular membrane in wild type MTs during different
ssion of polyQ aggregates in GAL4c424UAS127Q increased the level of Cadherin and
Fig. 9. Expression of polyQ aggregates in MTs alters expression of phosphorylated-JNK (p-JNK). In wild type 3rd instar larval MTs, p-JNK was present in both cytoplasm and
nucleus (A), at 48 h APF, it was at cell membrane and in cytoplasm (B) and in 72 and 96 h APF stages, p-JNK was again nuclear and cytoplasmic (C, D). Similar to wild type
GAL4c424UAS127Q 3rd instar larvae also showed the expression of p-JNK in nucleus as well as in cytoplasm (E). However, as the disease progressed, p-JNK did not express in
any of the above mentioned developmental stages in GAL4c424UAS127Q (F–H). Scale bar¼20 mm.
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p-JNK was present in nucleus and also in cytoplasm (Fig. 9A). By
48 h APF, the nuclear expression of p-JNK was absent and the
protein was present on the cell membrane and cytoplasm (Fig. 9B)
and at 72 and 96 h APF, the expression of p-JNK was enhanced and
it was present in both nucleus and cytoplasm (Fig. 9C and D). In
GAL4c424UAS127Q 3rd instar larvae, p-JNK expression was similar
to the wild type i.e. it was present in both nucleus and cytoplasm
(Fig. 9E). However as the disease progressed, p-JNK expression was
not observed in any of the pupal stages (Fig. 9F–H). Since JNK sig-
naling is important for major epithelial processes, these results
suggest that JNK signaling could also be involved in the morpho-
logical anomalies observed in GAL4c424UAS127Q progenies.Fig. 10. Expression of polyQ aggregates in MTs alters the expression of Relish at differe
nucleus as well as in cytoplasm of wild type 3rd instar larvae (A), 48 h APF (B), 72 h APF
the expression of Relish in nucleus as well as in cytoplasm at 3rd instar larval stage (E) an
aggregated in the cytoplasm at 72 h (G) and 96 h APF (H). Scale bar¼10 mm.It has been reported earlier that activation of JNK is regulated
by NF-kB (Tang et al., 2001; De Smaele et al., 2001). So we checked
if expression of Relish, NF-kB homolog in Drosophila, is affected in
these mutants. It was observed that in wild type, Relish was pre-
sent in both cytoplasm and in nucleus during different develop-
mental stages such as in 3rd instar larvae and 48, 72, 96 h APF
pupae (Fig. 10A–D). In GAL4c424UAS127Q, Relish expression was
similar to that of wild type till 48 h APF (Fig. 10E and F). However
by late pupal stages i.e. at 72 and 96 h APF, Relish was present in
the form of aggregates in cytoplasm and not in the nucleus
(Fig. 10G and H), suggesting that the disruption could be because
of the presence of polyQ aggregates. The chromatin was stained by
DAPI (red pseudocolour) which showed the localization in thent developmental stages. Optical confocal sections showing expression of Relish in
(C) and 96 h APF (D). Similar to wild type, GAL4c424UAS127Q mutants also showed
d in 48 h APF (F). However, as the disease progressed further, Relish was found to be
Fig. 11. Expression of polyQ aggregates affected the transcript level of mdr genes. RT-PCR analysis of Oregon Rþ 3rd instar larvae showed that the expression of mdr50 was
much higher thanmdr49 andmdr65 (A). In GAL4c424UAS-127Q 3rd instar larvae, there was an increase in transcription level ofmdr49,mdr50 andmdr65 genes compared to
the control (B). At 96 h APF, the level of mdr49 was the highest followed by mdr65 and then mdr50 gene expression (C). In GAL4c424UAS-127Q 96 h APF, mdr49 and mdr50
transcripts were up regulated and mdr65 was down regulated in comparison to the wild type control (D). Quantitative analysis of expression showed signiﬁcant changes in
mdr genes after polyQ expresssion (E). Glyceraldehyde-3-phosphate dehydrogenase (GPDH) is used as an internal control to ensure the integrity of RT-PCR. For statistical
analysis, t test was applied and signiﬁcance was considered for a p Valuer .05.
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signaling might be affecting the epithelial processes during pupal
development.
3.7.7. Expression of polyQ aggregates up regulates the transcript
level of mdr genes
In our earlier studies, we had shown that polyQ aggregates
affected the expression ofmulti-drug resistance (mdr) genes in eyes
(Yadav and Tapadia, 2013), so we checked the expression of the
three mdr genes, mdr49, mdr50 and mdr65 in MTs of wild type and
polyQ expressing progenies. Semi-quantitative RT-PCR was carried
out in 3rd instar (115–118 h) larvae and 96 h APF pupae for the
three mdr genes (Fig. 11). We observed differential as well as stage
speciﬁc differences in the expression of the three mdr genes. In
wild type 3rd instar larvae all the three mdr genes expressed,
though the levels varied, mdr50 was maximally expressed, fol-
lowed by mdr49 and then mdr65 (Fig. 11A). In contrast at 96 h APF,
the expression of mdr49 was observed to be the highest followed
by mdr65 and then mdr50 (Fig. 11C) In GAL4c424UAS127Q 3rd
instar larvae, there was a signiﬁcant up regulation ofmdr50,mdr49
and mdr65 (Fig. 11B). In 96 h APF pupae, unlike the larval stages
there was signiﬁcant up regulation of mdr49 followed by mdr50 in
comparison to the wild type control (Fig. 11D), whereas expression
of mdr65 was signiﬁcantly down regulated. The intensity of bands
were measured and plotted in a graph (E), which showed sig-
niﬁcant differences between different genotypes, genes and stages.
These ﬁndings are in contrast from our earlier observations where
we showed that in neuronal cells, polyQ expression led to down
regulation of mdr genes (Yadav and Tapadia, 2013). Thesedifferences in mdr levels could be attributed to tissue speciﬁc ef-
fect of polyQ, MTs being non-neuronal and eyes being neuronal.
3.8.8. Alteration in P-gp level via chemical feeding alters the ex-
pression level and pattern of polyQ aggregates
Since polyQ aggregates affected mdr genes expression, it was
checked if alteration in P-gp level via chemicals had any effect on
the polyQ inclusions. We used 10 mM colchicine as P-gp enhancer
and 20 mM verapamil as P-gp inhibitor (He et al., 2011; Summers
et al., 2004; Callaghan and Denny, 2002) and found that in 3rd
instar larvae, 10 mM colchicine feeding resulted in reduction of
polyQ aggregates in principal cells (Fig. 12C) in comparison to
larvae fed on normal food (Fig. 12B). On the other hand in ver-
apamil fed larvae, the aggregates appeared signiﬁcantly more and
denser (Fig. 12D) as compared to wild type (Fig. 12B). To quantify
the change, we measured the mean ﬂuorescence intensity of
polyQ aggregates and plotted in a graph (Fig. 12M). It was ob-
served that the ﬂuorescence intensity of polyQ aggregates in
GAL4c424UAS127Q 3rd instar larvae were 24.6672.39, when
grown on normal food. After 10 mM colchicine feeding, the in-
tensity was reduced to 10.1271.23, whereas 20 mM verapamil
signiﬁcantly enhanced the intensity of ﬂuorescence to
64.3771.37. These results suggested that alteration in P-gp levels
affected polyQ aggregates, which is in agreement with earlier
ﬁndings (Yadav and Tapadia, 2013). As we observed reduced ag-
gregates after colchicine feeding, we checked if lethality was re-
duced and if there was reduction of phenotypic consequences.
However it was surprising to note that there was no reduction in
lethality or in the morphological abnormalities (Discussed later),
Fig. 12. Alteration in P-gp level via chemical feeding alters the expression level and pattern of polyQ aggregates. PolyQ aggregates were not observed in wild type (A). 10 mM
colchicine feeding resulted in signiﬁcant reduction of polyQ aggregates in GAL4c424UAS127Q principal cells (C) in comparison to larvae fed on normal food (B). Feeding on
20 mM verapamil signiﬁcantly enhanced the intensity of aggregates (D) as compared to larvae fed on normal food (B). The nuclei were stained with DAPI (E–H). Merged
images of DAPI and polyQ aggregates are shown in I–L. Mean ﬂuorescence intensity of polyQ aggregates showed signiﬁcant reduction after feeding on 10 mM colchicine and
increase after feeding on 20 mM verapamil when compared to the polyQ aggregates grown on normal food (M). Scale bar¼10 mm. Total 45 MTs were observed and statistical
analysis was done using Multiple Comparisons versus Control Group (Holm-Sidak method), pr0.001.
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verapamil (Images not shown).
4. Discussion
Drosophila provides one of the most acceptable model organ-
isms for studying protein misfolding diseases such as Alzheimer's,Parkinson's, Huntington's, Creutzfeldt-Jakob disease (Chan and
Bonini, 2000), which are broadly categorized as neurodegenerative
disorders. Protein misfolding is a condition when the stable three-
dimensional structure of protein molecule unfolds into thermo-
dynamically unstable forms having very high energy and in order
to gain stability and reduce energy, these unfolded proteins tend
to form insoluble aggregates which are either nonfunctional,
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them non-functional too (Herczenik and Gebbink, 2008). Most of
the studies on neurodegeneration are focused on the pathology
associated with protein misfolding in neurons; but the pathology
due to protein aggregates in other tissues is rather neglected,
though there are few reports of inclusions bodies present in some
vital peripheral tissues such as heart, pancreas, muscles and adi-
pose tissues of HD patients (Bradford et al., 2010). In the present
study we chose Drosophila MTs to study the effect of expanded
polyQ repeats as they are one of the organs which do not undergo
apoptosis during pupation. Since the aggregates ultimately cause
apoptosis, we wanted to see the effect on a non-apoptotic organ
when subjected to high protein homeostatic stress. From the re-
sults presented in this paper it is evident that expression of polyQ
aggregates in Malpighian tubules showed progressive degenera-
tion similar to that observed in the neurons. Though the expanded
polyQ proteins express in the MTs from early embryogenesis, the
progenies develop and continue to grow till pupation, however
they ﬁnally dye before eclosion. Interestingly the detrimental ef-
fects at the cellular levels are visible from larval stage itself but
worsen progressively in pupal stages, resembling the late onset of
neurodegeneration. The ﬂuid homeostasis is also disrupted be-
cause of the cytotoxic effect of polyQ aggregates on function of
MTs. The constricted lumen might affect the active transport of
organic and inorganic ions and solutes resulting into defective
excretion (Maddrell and O′Donnell, 1992) and reduced uric acid
deposition (Leader and O′Donnell, 2005). In the present study we
show that the consequences of polyQ expression in MTs is not only
limited to tubules, but affects the organism globally. Probably the
deregulation of ionic balance of the hemolymph may lead to a
more global effect. The second possibility is that the inclusions
bodies might migrate to different regions and cause a global
phenomenon as has been already reported in an earlier study
(Costanzo et al., 2013; Brundin et al., 2010; Guo and Lee, 2014) and
also in the present study where inclusion bodies are present in the
stellate cells, which was not expected given the extent of GAL4
driver's expression.
The polyQ aggregates are known to cause transcriptional dys-
regulation (Sugars and Rubinsztein, 2003). A number of studies
have associated the nuclear localization of poly-Q expanded pro-
teins to their interaction with a variety of transcription factors
such as Speciﬁcity protein 1, TATA-box-binding protein-associated
factor II, 130 kDa (TAFII130) (Dunah et al., 2002), CREB, Tumor
Protein p53, SIN3 transcription regulator family member A (Steffan
et al., 2000) and Repressor element 1-silencing transcription factor
(Soldati et al., 2013) resulting in aberrant transcriptional regula-
tion (Sugars and Rubinsztein, 2003). The unexpected observation
in epithelial morphogenetic events such as tanned epidermis,
larger legs, altered positions of haltares, underdeveloped wings,
head involution defects including microcephaly or cryptptoce-
phaly and defective dorsal closure in pupae are suggestive of
aberrant JNK signaling as proper p-JNK assures normal functioning
of major epithelial processes such as dorsal and thorax closure in
Drosophila (Zeitlinger and Bohmann, 1999). In humans, role of JNK
is ﬁrmly established in development, differentiation, transforma-
tion, and apoptosis (Leppa and Bohmann, 1999). Though polyQ
aggregates causes loss of JNK expression in MTs, we failed to ob-
serve JNK expression in other organs too (data not shown) which
could be the cause of developmental defects. Earlier reports have
shown that expanded polyQ repeats activate IRE1 on ER mem-
brane which recruit TNF receptor-associated factor 2, thus activate
JNK leading to neuronal cell death in HD models (Nishitoh et al.,
2002; Scappini et al., 2007; Pereira, 2013), though these reports do
not mention the status of JNK signaling in other tissues. Un-
published data from our lab (Yadav and Tapadia, unpublished data)
have shown increased JNK expression in all the tissues followingpolyQ expression in neurons which is in contrast to the loss of
p-JNK from other tissues following polyQ expression in MTs. To-
gether these results suggest that neuronal and non-neuronal cells
might not respond to polyQ aggregates in the same manner.
In the present study the mutants also showed defective cyto-
plasmic localization of NFkB which might affect pJNK signaling
(Tang et al., 2001; De Smaele et al., 2001). Several studies have
shown that in cancer cells, the enhancement of the JNK pathway
down-regulates P-glycoprotein (P-gp) expression and reverses
P-gp mediated multi-drug resistance. This down regulation of P-gp
requires the catalytic activity of JNK and is mediated by the c-Jun
transcription factor at AP1 binding site at the upstream of mdr
promoter (Zhou et al., 2006). Probably down regulation of JNK
inhibits the binding of AP1 and c-Jun at the promoter region and
leads to up regulation of mdr gene expression in the MTs, which is
in contrast to the earlier reports where mdr genes were down
regulated in response to polyQ expression in neuronal cells (Yadav
and Tapadia, 2013). From these results it is evident that tissue
speciﬁc differences following polyQ expression exists, however, till
date little attention has been paid towards the possible underlying
mechanisms.
Earlier studies have shown role of Wnt/Wingless in neurode-
generation, where phosphorylated β-catenin accumulates in the
cytoplasm thus inhibiting transcriptional activation of target genes
and leading to alteration in the cellular physiology (Godin et al.,
2010). In MTs, β-catenin expression was enhanced and scattered in
the cytoplasm, similar to our earlier study where polyQ results in
accumulation of β-catenin in eye discs (Yadav and Tapadia, 2013).
Altered β-catenin levels have been correlated with epithelial de-
fects (Morel and Arias, 2004), which could be another reason for
the epithelial morphogenetic anomalies in mutants. In humans,
JNK and Wnt signaling are important for kidney development and
for other fundamental physiological processes (Cizelsky et al.,
2014). Unlike the differential regulation of JNK signaling, Wnt
signaling does not differ in non-neuronal cells compared to neu-
ronal cells.
The polyQ aggregates do not bind with chromatin, but they
cause chromatin expansion resulting in breakdown of many cel-
lular processes. The constriction of lumen could be a consequence
of chromatin expansion. Earlier, chromatin expansion is reported
in photoreceptor nuclei from SCA7 transgenic retinal mice
(Helmlinger et al., 2006), though chromatin fragmentation was not
observed in them. The photoreceptor dysfunction has been cor-
related with the degree of decondensation, suggesting that it
might be a primary event in transcriptional alteration and disease
progression. The presence of aggregates is stressful to the cells as
the hnRNPs, which otherwise would be present in the entire nu-
cleus, are sequestered to a particular region in the nucleus, similar
to that observed after other stresses like heat shock (Dangli et al.,
1983; Prasanth et al., 2000). The cell withdraws all RNA processing
activities by storing the hnRNPs at one site. Though lethality was
at late pupal stage, sequestration of hnRNPs was visible from larval
stage indicating that the degeneration process had already set in
and their absence at pupal stages indicated complete breakdown
of the processing machinery. The inﬂuence of HnRNPs on neuro-
degeneration has been observed in Fragile X-associated tremor/
ataxia syndrome, where hnRNP A2/B1 and CUGBP1 suppress
neurodegeneration induced by CGG repeats. HnRNP A2/B1 directly
interacts with riboCGG repeats and it also helps in interaction of
CUGBP1 protein with the riboCGG (Sofola et al., 2007). Similarly
hnRNP, TDP-43 (Transactive response DNA-binding protein) and
FUS/TLS (Fused in sarcoma/translocated in liposarcoma) are found
to be aggregated in ubiquitinated protein inclusions of Amyo-
trophic lateral sclerosis and frontotemporal lobar degeneration
(Lagier-Tourenne et al., 2010). Postmortem analysis of patients
with many polyQ diseases such as Huntington's disease, SCA1,
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conﬁrmed the association of FUS/TLS mainly with neuronal in-
tranuclear inclusions and in rare occasions with small cytoplasmic
inclusions (Lagier-Tourenne et al., 2010). Similarly, mutant hnRNP
A1 is also known to contribute to the severity of symptoms in
several neurodegenerative diseases, including Alzheimer's disease,
Spinal muscular atrophy, Fronto-temporal lobar degeneration,
Amyotrophic lateral sclerosis, Multiple sclerosis, Hereditary spastic
paraparesis and HTLV-I associated myelopathy/tropical spastic
paraparesis (Bekenstein and Soreq, 2012).
As mentioned earlier, there are reports suggesting the presence
of inclusion bodies in peripheral tissues also (Bradford et al., 2010),
but very few studies have evaluated the differential effect of polyQ
aggregates on different tissues. So, the present study gives an in-
sight of tissue based detrimental effects of misfolded proteins. It
also supports the earlier suggested idea that not only neurons but
any tissue can be targeted to degradation by these misfolded
proteins.Conﬂict of interest
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